17 Single-pulse transcranial magnetic stimulation (TMS) elicits an evoked 18 electroencephalography (EEG) potential (TMS-evoked potential, TEP), which is interpreted 19 as direct evidence of cortical reactivity to TMS. Thus, combining TMS with EEG may enable 20 the mechanistic investigation of how TMS treatment paradigms engage network targets in 21 the brain. However, there remains a central controversy about whether the TEP is a genuine 22 marker of cortical reactivity to TMS or the TEP is contaminated by responses to peripheral 23 somatosensory and auditory inputs. Resolving this controversy is of great significance for 24 the field and will validate TMS as a tool to probe networks of interest in cognitive and clinical 25 neuroscience. Here, we delineated the TEP's cortical origins by localizing successive TEP 26 components in time and space and modulating them subsequently with transcranial direct 27 current stimulation (tDCS). We collected both motor evoked potentials (MEPs) and TEPs 28 elicited by suprathreshold single-pulse TMS to the left primary motor cortex (M1). We found 29 that the earliest TEP component (P25) was localized on the TMS target location (left M1) 30 and the following TEP components (N45 and P60) largely were localized on the primary 31 somatosensory cortex, which may reflect afferent input by hand-muscle twitches. The later 32 TEP components (N100, P180, and N280) largely were localized to the auditory cortex. To 33 casually test that these components reflect cortical and corticospinal excitability, we applied 34 tDCS to the left M1. As hypothesized, we found that tDCS modulated cortical and 35 corticospinal excitability selectively by modulating the pre-stimulus mu-rhythm oscillatory 36 power. Together, our findings provide causal evidence that the early TEP components 37 reflect cortical reactivity to TMS. 38 39 tDCS 3 41 Introduction 42 Combined transcranial magnetic stimulation (TMS) and electroencephalography (EEG) 43 provide an opportunity to quantify brain network dynamics by pinging them with TMS[1]. The 44 TMS-evoked potential (TEP), which is considered a reflection of cortical reactivity to TMS, 45 has been shown to have diagnostic value in a variety of neurological and psychiatric 46 disorders[2]. However, there is ongoing controversy about the origin of the TEP. A recent 47 study claimed that the stimulation of peripheral nerves and the TMS coil's loud clicking 48 sound may confound the TEP amplitude[3]. Specifically, sham TMS elicited EEG potentials 49 that were correlated highly with those by real TMS, despite the use of sophisticated 50 procedures to attenuate the somatosensory and auditory confounds. In rebuttal of this 51 publication, it was suggested that insufficient TMS intensity and incomplete auditory 52 masking may explain the sensory-dominant evoked potentials in the experiment[4]. 53 Nonetheless, residual auditory input is unavoidable in TMS studies[5] because of air and 54 bone conduction from the TMS clicking sound[6,7]. Thus, it continues to be debated whether 55 the TEP represents genuine cortical reactivity that single-pulse TMS elicits or whether it 56 reflects cortical reactivity contaminated with peripherally-and auditory-evoked potentials. 57 Here we sought to resolve this controversy and delineate TEPs by localizing the 58 electrophysiological response with high-density EEG, structural magnetic resonance (MR) 59 images, and digitized EEG electrode locations. If a TEP is localized in areas in the auditory 60 and somatosensory cortex, then it can be determined that auditory input and peripheral 61 nerve stimulation, respectively, drive this component. We chose the primary motor cortex 62 (M1) as a stimulation target because the corticospinal response (motor-evoked potential, 63 MEP) also should reflect cortical reactivity. To causally test the validity of our approach, we 64 applied transcranial direct current stimulation (tDCS) to modulate cortical and corticospinal 65 excitability[ 8,9]. We observed that single-pulse TMS to the M1 elicited six TEP components.
6 140 (r=0.51, p<0.001), and a significant negative correlation (r=-0.58, p<0.001) for the N45. Note 141 that right green y-axis corresponds to the N45 amplitude (negative amplitude) 142 Next, we investigated how the localized TEP components in source space were correlated 143 with MEPs. First, we defined a region of interest (ROI, Fig. 3c ) for the TEP components 144 (P25, N45, and P60) based on the source-localized TEPs (Fig. 2c ). Using these ROIs, we 145 performed correlation analyses between the localized TEP components and MEPs (Fig. 3d ). 146 We found significant positive correlations for the P25 (r=0.62, p<0.001), N45 (r=0.57, 147 p<0.001), and P60 (r=0.45, p<0.001). These findings indicate that the first three TEP Modulation of motor cortex excitability by tDCS 153 Having identified cortical reactivity by single-pulse TMS in both sensor and source space 154 and verified that the evoked activity predicted the corticospinal response, we next tested 155 causally whether cortical reactivity drove the corticospinal response using tDCS to the left 156 M1. Previous studies have shown that tDCS modulates corticospinal excitability depending 157 upon polarity [8, 9] . We hypothesized that if the TEP components reflect genuine cortical 158 reactivity elicited by single-pulse TMS to the M1, then tDCS to the M1 should modulate the 159 TEP components as well as MEPs in a polarity-dependent manner. We applied three 160 different tDCS conditions (anode, cathode, and sham) at 2mA for 10 minutes and recorded 161 MEPs and TEPs before and after tDCS. To investigate the modulation of corticospinal 162 excitability by tDCS, we averaged the MEPs and calculated the ratio (post/pre) for each 163 tDCS condition. Using a linear mixed-effects model, we found a significant effect of 164 "condition" (Fig. 4a , anode vs. cathode vs. sham, F 2,28 =255, p<0.0001), but not of "session" 165 (the three experimental sessions' temporal order, F 2,28 =0.86, p=0.43) or their interaction 166 (F 4,28 =1.56, p=0.21). As hypothesized, this finding demonstrated that tDCS modulated 167 corticospinal excitability as measured by MEPs. Thereafter, we investigated whether tDCS 168 modulated cortical excitability. We calculated the TEPs' local mean field power in the left 169 sensorimotor area (averaged 7 EEG channels described previously) for the entire epoch 170 and calculated the ratio (post/pre) for each tDCS condition. We found that the period of the 171 TEP from 25 to 60ms differed significantly for "condition" (Fig. 4b , shaded period; linear 172 mixed-effect model, F 2,28 =129, p<0.0001), but not for "session" (F 2,28 =1.12, p=0.34), or their 7 173 interaction (F 4,28 =1.31, p=0.29). In contrast, we found no significant difference for the other 174 TEP components across tDCS conditions (100 to 280ms, p>0.05). 175 To investigate the modulated TEPs' spatial representation for each tDCS condition, we next 176 computed topographical distributions for the P25, N45, and P60. We found that the left 177 sensorimotor area for the P25, N45, and P60 differed significantly in the anodal tDCS 178 condition ( Fig. 4c , top row, t-value topographical distributions, non-parametric cluster-based 179 permutation test, n=1,000; see Supplementary Fig. 2a for the N100, P180, and N280). Black 180 dots in each topography indicate significant EEG channels (p<0.05). Anodal tDCS amplified 181 the magnitude of TEP components in the consistent direction. In the cathodal tDCS condition, 182 we found that the sensorimotor area differed significantly for the P25 and N45, but not for 183 the P60 (Fig. 4c , middle row; see Supplementary Fig. 2a for the N100, P180, and N280).
184
Cathodal tDCS attenuated the magnitude of TEP components that contained M1 activation.
185
In the sham tDCS condition, we found no significant EEG channels for the P25, N45, or P60 and third columns). After cathodal tDCS, the N45 was modulated significantly in the primary 207 somatosensory cortex ( Fig. 4e , second row, second column), but the P60 did not differ 208 significantly ( Fig. 4e , second row, third column). We found no such significant differences in 209 the sham tDCS condition ( Fig. 4e , third row). Similarly, we found no statistical difference for 210 the N100, P180, and N280 in all tDCS conditions ( Supplementary Fig. 2b ). These findings 211 indicate that tDCS modulates localized cortical reactivity by single-pulse TMS in the early 212 TEP components. 213 We then performed correlation analyses to investigate how the modulation of localized TEPs 214 (cortical excitability) were correlated with the modulated MEPs (corticospinal excitability) 215 across participants ( Fig. 4f ). We chose the ROI on the cortex model ( Fig. 3c ) for each 216 localized TEP component, and found significant positive correlations in the anodal tDCS 217 condition for the P25 (r=0.65, p=0.0034), N45 (r=53, p=0.022), and P60 (r=0.50, p=0.034).
218
In the cathodal tDCS condition, we found significant positive correlations for the P25 (r=0.49, 219 p=0.04) and N45 (r=0.49, p=0.037), but not for the P60 (r=0.41, p=0.09). We found no 220 significant correlations in the sham tDCS condition for the P25 (r=0.29, p=0.24), N45 (r=- Modulation of pre-stimulus mu-rhythm by tDCS 226 Our results showed how tDCS modulated corticospinal and cortical excitability in a targeted 227 and robust manner. These differences in response to TMS suggested that tDCS altered the 228 state of the targeted network overall. Thus, we investigated next how tDCS modulated the 229 network's excitability and its activity's oscillatory structure. We computed time-frequency 230 representations for the entire epoch (-200 to 500ms) and performed non-parametric cluster-231 based permutations between before and after tDCS. We found that anodal tDCS increased 232 the pre-stimulus mu-rhythm significantly ( Fig. 5a , first row, t-value time-frequency map, 233 clustered region); the increased mu-rhythm was located in the left sensorimotor area (inset, 234 topographical distribution, black dots indicate significant EEG channels, p<0.05). In contrast, 235 we found that cathodal tDCS decreased the pre-stimulus mu-rhythm significantly ( Fig. 5a , 236 second row, t-value time-frequency map, clustered region) as well as post-stimulus mu-237 rhythm around 250ms; the decreased mu-rhythm was located in the left sensorimotor area 238 (topographical distribution, black dots indicate significant EEG channels, p<0.05). In the 9 239 sham tDCS condition, we found no significant difference in the time-frequency map ( Fig. 5a , 240 third row, t-value time-frequency map) and topographical distribution (no significant EEG 241 channel).
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Thereafter, we investigated the relation between the pre-stimulus oscillatory modulation and 243 the modulation of corticospinal and cortical excitability. Correlations were calculated 244 between the modulated pre-stimulus mu-rhythm and both MEPs and P25 TEP component 245 in sensor and source space for each participant (Fig. 5b ). We found that the ratio of the pre-246 stimulus mu-rhythm (post/pre to tDCS) was correlated with the ratio of MEP (post/pre to 247 tDCS) for anodal (r=0.56, p=0.017) and cathodal tDCS (r=0.49, p=0.037), but not for sham 248 tDCS ( Fig. 5b , first row, r=-0.08, p=0.75). We also found that the ratio of the pre-stimulus 249 mu-rhythm was correlated with the ratio of the P25 in sensor space for anodal tDCS (r=0.50, 250 p=0.034) and cathodal tDCS (r=0.47, p=0.047), but not for sham tDCS (r=0.16, p=0.53). 251 Similarly, we found that the ratio of the P25 in source space (ROI-based) was correlated 252 with the ratio of the mu-rhythm for anodal tDCS (r=0.66, p=0.0028) and cathodal tDCS 253 (r=0.51, p=0.032), but not for sham tDCS (r=0.15, p=0.56). These results show that tDCS 254 modulates the pre-stimulus mu-rhythm and that this modulation of network oscillations 255 altered corticospinal and cortical excitability. (the left M1). The following two TEP components (N45 and P60) largely were localized to 269 the primary somatosensory cortex, which represent afferent input by hand-muscle twitches.
270
The remaining TEP components (N100, P180, and N280) were localized primarily to the 271 auditory cortex. Importantly, tDCS modulated the first two TEP components (P25 and N45) 272 selectively depending upon polarity in our double-blind, placebo-controlled study. In addition, 273 we found evidence that cortical reactivity played a causal role in predicting corticospinal 274 excitability. Thus, our findings demonstrate that the early TEP reflects genuine cortical 275 reactivity and later TEP components are associated with somatosensory and auditory 276 processing in the brain.
277
A recent study that investigated neural effects at the single-cell level has shown that 278 suprathreshold single-pulse TMS elicits a stereotyped burst of action potentials within the 279 first 30ms (10-30ms) after TMS onset in the macaque parietal cortex [13] . Another study with 280 human participants found that single-pulse TMS to the M1 resulted in significant differences 281 before 60ms compared to sham TMS [14] . Consistent with these recent findings, we found 282 that the P25 was localized to the left M1 (TMS target location), demonstrating that the P25 283 represents genuine cortical reactivity to single-pulse TMS to the M1. Although we were 284 unable to obtain earlier TEP components, such as the P10[11] or P15[15] because of the 285 TMS artifacts in our recordings, the response latency (within 30ms) is consistent with 286 previous findings. We also observed N45 and P60 components that were localized primarily 287 in the primary somatosensory cortex and reflected afferent input by hand-muscle twitches 288 produced by suprathreshold TMS. We demonstrated further that these somatosensory-11 289 evoked potentials were correlated with MEP amplitude (Fig. 3b ) and comparable to the 290 conventional somatosensory evoked potentials with respect to response latency [16] . For the 291 later TEP components, although we applied auditory masking using white noise that 292 removed the auditory perception of TMS pulses, we obtained the typical N100-P180 auditory 293 complex[6] by single-pulse TMS ( Fig. 2a ), which was localized in the auditory cortex ( Fig.   294 2c). This phenomenon may derive from inevitable bone-and air-conducted sound from the 295 TMS coil [7] . The amplitude of these potentials (>5uV) was comparable with the N100 296 amplitude in our study. Thus, we conclude overall that each TEP component single-pulse 297 TMS elicits has a distinct network representation in the brain and the P25 represents 298 genuine cortical reactivity from TMS to the M1.
299
Since the first attempt to modulate motor cortex excitability by weak direct current on the 300 scalp[17], it has been shown consistently that tDCS modulates motor cortex excitability 301 depending upon polarity [8, 9, [18] [19] [20] [21] [22] [23] . We hypothesized that if a TEP elicited by single-pulse 302 TMS on the M1 is genuine motor-related cortical reactivity, then tDCS to the M1 should 303 modulate it. We found that tDCS successfully modulated the P25 in the stimulated cortical 304 area in a polarity-dependent manner (Fig. 4e ). tDCS also modulated the N45 in the same 305 manner, but only anodal tDCS modulated the P60. Consistent with the findings for the P60, 306 the relation between changes in MEP and P60 amplitude was not significant in both the 307 sensor (r=-0.14, p=0.57) and source (r=0.41, p=0.09) space. We assume that this 308 unexpected finding might be caused by the reduction of post-stimulus mu-rhythm (around 309 200 to 300ms after onset) by cathodal tDCS (Fig. 5b , second row, time-frequency t-value 310 map). We hypothesized that tDCS could modulate only the pre-stimulus mu-rhythm, but 311 cathodal tDCS actually reduced the post-stimulus mu-rhythm, which was not found in the 312 anodal tDCS condition. This inconsistency in modulation of cortical reactivity should be 313 investigated in the future. While we adopted the conventional M1-SO montage for tDCS, 314 which uses two stimulation electrodes (5x7 rectangular electrodes, one on the motor area 315 and another on the supraorbital area) to modulate motor cortex excitability, a recent study 316 used a 4x1 montage that consisted of smaller, ring-shaped electrodes (referred to as high-317 definition tDCS, HD-tDCS) that was introduced to increase the focality of induced electric 318 field[24]. One study[19] compared the effect of modulating motor cortex excitability between 319 the two montages and found that both have a comparable effect in modulating excitability.
320
In our study, we used the M1-SO montage with two smaller electrodes (5x5cm, 25cm 2 ) to 321 increase efficacy via a greater current intensity [20] . We performed electric field modeling 12 322 with structural MR images and confirmed that the induced electric field is comparable to that 323 in previous tDCS studies (Fig. 1c ). As an exploratory analysis, we investigated how the 324 induced electric field in the target stimulation area is related to MEP changes 325 ( Supplementary Figure 3) inspired by a study [25] that found that the intensity of the electric 326 field in the primary motor cortex can explain inter-individual variability in MEP. However, we 327 found no relation between them; thus, this finding may suggest that more factors, such as failed to replicate these findings [41] . In our study, we showed that pre-stimulus mu-rhythm 334 oscillatory power was correlated with the modulation of cortical and corticospinal excitability 335 (Fig. 5b ). This finding indicates that tDCS modulates oscillatory power and thereby, the 
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As with any scientific investigation, this study has limitations. First, we were unable to study 343 the earlier TEP components at 10[11] or 15ms[15] because of TMS pulse artifacts. We used 344 a TMS-compatible EEG amplifier (NetAmps 410, Philips Neuro Inc.), but we observed that 345 the TMS pulse artifact lasted up to 20ms in raw EEG traces (Supplementary Figure 5) . 346 Although we demonstrated that the P25 was localized on the hand area of the M1, future 347 investigations of the earlier TEP components should be considered with an EEG amplifier 348 that has a faster recovery period. Second, although we demonstrated that the P25 reflects with specific sensory processing, and the underlying mechanism remains unclear. As the 362 number of studies, used TMS as a treatment tool, has increased tremendously in recent 363 years, understanding of how the brain responds to TMS is imperative to both the research 364 and clinical fields. Without the ability to interpret TEP components appropriately, the rational 365 design and subsequent optimization of network-based treatment strategies with non-366 invasive brain stimulation is jeopardized. In our study, thus, we sought to bridge the 367 intellectual gap and it may have a large impact on the field.
368
In summary, we demonstrated that the early TEP reflects genuine cortical reactivity elicited 369 by single-pulse TMS. We identified each TEP component in sensor and source space and 370 used tDCS to modulate the TEP components successfully in a polarity-dependent manner, 371 and found that the modulation of the pre-stimulus mu-rhythm by tDCS caused the 372 modulation of excitability. Further, we found that the TEP components (cortical excitability) 373 were correlated significantly with MEP amplitude (corticospinal excitability). These findings 374 suggest that each TEP component plays a distinct role in specific sensory processing in the 375 brain. 379 We performed a crossover, double-blind, sham-controlled study with three tDCS 380 conditions (anodal, cathodal, and sham tDCS) at the University of North Carolina at 381 Chapel Hill, which the Biomedical Institutional Review Board at the university approved.
Study design

382
The study protocol was registered before participants were recruited (ClinicalTrials.gov, 383 NCT03481309). We recruited 19 healthy, right-handed, male participants free of any Philips Neuro Inc., Eugene, OR).
398
EEG and MEP recordings with TMS
399
Based on the structural MR images, we performed brain segmentation and determined an 400 initial target location (hand area on the left M1) using a frameless neuronavigation system 401 (Localite GmbH., Sankt Augustin, Germany). According to the initial target location, a figure- intensity. MEP traces were visualized in a built-in display on the TMS device (MagPro X100, 411 MagVenture Inc., Farum, Denmark). The RMT was defined by the minimum TMS intensity 412 required to evoke MEPs of at least 50 uV in 50% of 5 to 10 consecutive trials [52] . The left 413 motor hotspot (hand area on the M1) was determined at this step. We used the Physio 16 414 input box (Philips Neuro Inc., Eugene, OR) connected to the EEG amplifier to record MEPs. 415 This configuration allowed us to record MEP and EEG data on the same amplifier. We used 416 a TMS-compatible EEG system with a 128-channel net (Philips Neuro Inc., Eugene, OR) at 417 a sampling rate of 1kHz. Channel Cz and one channel between Cz and Pz were used as a 418 reference and ground, respectively. Participants wore air-conducting earphone tubes (ER-419 3C, Etymotic Research Inc., Elk Grove Village, IL) with white-noise masking to attenuate 420 auditory evoked potentials [11] . We also applied a thin layer underneath the TMS coil to 421 attenuate peripherally-evoked potentials. We applied 100 single-pulse TMS pulses (120% 422 intensity relative to RMT) with a jittered inter-trial interval between 2 and 3 seconds to 423 minimize any anticipatory effect. All TMS pulse locations were tracked in real-time using the 424 neuronavigation system and saved for verification of stimulation on the left motor hotspot.
425
The EEG and MEP recording procedures were performed both before and after tDCS.
426
Transcranial direct current stimulation (tDCS) 427 We applied two carbon-silicone electrodes (5x5cm) to the scalp with Ten20 conductive Figure 6) . We found no significant differences in the side-effect 442 questionnaires among the tDCS conditions. transcranial direct current stimulation: Improved spatial focality using a ring electrode versus 615 conventional rectangular pad. Brain Stimul. 2, 201-207.e1. Available at: 
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